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Group II lntron RNA Catalysis of Progressive 
Nucleotide Insertion: A Model for RNA Editing 

Manfred W. Mueller,* Martin Hetzer, Rudolf, J. Schweyen 
The self-splicing bll intron lariat from mitochondria of Saccharomyces cerevisiaecatalyzed 
the insertion of nucleotidyl monomers derived from the 3' end of a donor RNA into an 
acceptor RNA in a 3' to 5"direction in vitro. In this catalyzed reaction, the site specificity 
provided by intermolecular base pair interactions, the formation of chimeric intermediates, 
the polarity of the nucleotidyl insertion, and its reversibility all resemble such properties in 
previously proposed models of RNA editing in kinetoplastid mitochondria. These results 
suggest that RNA editing occurs by way of a concerted, two-step transesterification 
mechanism and that RNA splicing and RNA editing might be prebiotically related mech- 
anisms; possibly, both evolved from a primordial demand for self-replication. 

T h e  discovery of RNA molecules with 
enzymatic activities (ribozymes) and the 
diversity of the reactions that they catalyze 
have ~rovoked interest in theories that 
suggest that early replicating systems were 
probably made of RNA or an RNA-like 
derivative (1 -3). Zaug and Cech (4) dem- 
onstrated that RNA polymerization in a 
classical 5' to 3' polarity could be catalyzed 
by the self-splicing group I Tetrahymena 
intron. A pentamer of cytidylic acid (C5) is 
converted to cytidylic acids up to CjO by 
cleavage-ligation reactions (transesterifica- 
tion). vThevspecificity for pol;cytidylic acids 
relies on base pair interactions with the 
intron internal guide sequence (IGS). A 
parallel between the function of the IGS 
sequence in RNA splicing and the proposed 
role for the guide RNAs (gRNAs) in RNA 
editing in kinetoplastid mitochondria (5- 
1 1) has been recognized (1 2, 13). 

Theoretical considerations (1 3) and ex- > ,  

perimental evidence (12) suggest that post- 
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transcriptional uridine insertion and dele- 
tion occur by a series of splicing-like trans- 
esterification reactions (1 2, 13). The pos- 
tulated chimeric intermediate with the 
gRNA covalently joined to the 3' portion 
of the mRNA (12) has been identified in 
vitro (1 4, 15). Although formation of the 
gRNA-mRNA chimeric intermediate can 
also be explained by separate cleavage and 
ligation reactions (1 6), other findings (1 4, 
15) support the concerted transesterifica- 
tion model for uridine insertion in a 3' to 5' 
direction (1 2, 13) and suggest an evolution- 
ary analogy to the catalyti"c -mechanisms 
involved in RNA splicing (1 3). 

Like group I self-splicing, self-splicing of 
the mitochondria1 Saccharomyces group I1 
intron bI1 occurs by a two-step transesteri- 
fication mechanism (1 7-1 9). The excised 
lariat intervening sequence (IVS) RNA 
acts as a ribozyme by catalyzing transester- 
ification reactions with multiple turnover 
on ligated-exon RNA substrates in trans 
(20-23). This general recombinase and 3' 
terminal transferase activity of the group 11 
lariat IVS is illustrated in Fig. 1A. Selec- 
tion of the donor and acceptor RNA, and 
thereby specification of the transesterified 
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phosphorus atom in this charging-discharg- 
ing pathway (20), is provided by intermo- 
lecular base pair interactions (EBS-IBS in- 
teraction) (24). The selection involves a 
minimum of six nucleotides in the substrate 
(IBS 1 : 5'-GACAGA) that are complemen- 
tary to an intron internal guide sequence, 
the EBSl site (5'-UCUOUC). This base 
pairing interaction renders the phosphorus 
atom 3' adjacent to the GACAGA motif 
(GACAGA:pN) in the donor RNA prone 
to a nucleophilic attack by the 3' oxygen 
atom of the lariat IVS (intron charging by 
transesterification) . In a similar manner, in 
the discharging reaction the phosphorus 
atom that forms the 3' splice site becomes 
specifically transesterified by the 3' oxygen 
atom of the GACAGA sequence of the 
acceptor RNA (20). 

The bI1 lariat RNA can also catalyze an 
alternative form of IVS charging (20) when 
the phosphorus atom 5' adjacent to the 
canonical splice site becomes transesterified 
by the 3' oxygen atom of the lariat IVS 
[(-I)  charging]. As a result, the IBSl 
GACAGpA sequence of the donor RNA is 
dissected and the 3' terminal adenosine 
residue, together with the 3' exon portion, 
is transferred to the 3' end of the lariat IVS 
(20). Interacting cycles of IVS (- 1) charg- 
ing combined with accurate discharging by 
a GACAGA molecule may enable the bI1 
lariat to act as a progressive RNA polymer- 
ase (nucleotidyl insertase) in an orderly 3' 

A 
RNA recombination 

to 5' direction in the manner illustrated 
(Fig. lB, left). 

In the first step toward RNA polymer- 
ization, we synthesized an oligoribonucle- 
otide (19-mer) that terminated in the 
GACAGA IBSl sequence and assayed it 
in the presence of bI1 lariat RNA. The 
input molecules, labeled on their 5' ends 
with 32P (*pN13GACAGpA1; 19-mer) , 
were progressively converted to products one 
nucleotide shorter at their 3' end (18-mer: 
*pN13GACAG) and to products elongated 
by one or more adenosines in length (for 
example, 25-mer: *pN13GACAGpA,:pA,- 
pA5pA4pA3~A2~Al)  (Fig. 2A) (25). 
From these data, we predicted that the 
*pN13GACAGpA input RNA is bifunc- 
tional in the reaction system and serves 
as the adenyl~l-donating molecule in the 
charging reaction and as the adenylyl- 
accepting RNA in the discharging reac- 
tion (Fig. 1B). Because any activated nu- 
cleotidyl derivative should be ~olymerized 
by the lariat ribozyme, we examined the 
effect of varying the 3' terminal nucleotide 
of the natural IBSl sequence (*pN13- 
GACAGpA) (Fig. 2B). Among all four 
possible variants, *PN,,GACAGPA (Fig. 
2A) and, to a lesser extent, *pN13- 
GACAGpU were converted to products 
one nucleotide shorter (*pN13GACAG) 
and with a longer chain length than the 
starting material. The variants *pN13- 
GACAGpG and *pN13GACAGpC were 

B 
A insertion 

processed in the same way, although at a 
reduced efficiency (Fig. 2B). 

The overall reaction is disproportional 
in the stoichiometry of the products and 
conservative in the total number of phos- 
phodiester bonds in the system. The reac- 
tion can be formulated 

GACAGpN2:pNl + GACAG (I) 

Because the bI1 lariat IVS is regenerated in 
the reaction, it is expected to undergo 
multiple cycles of alternative chrging com- 
bined with accurate discharging. When the 
GACAGpN,:pN, product of reaction 1 is 
selected and serves as a substrate in a 
second round of (- 1) charging, the dispro- 
portionation starts again: 

GACAGpN3:pNZpN + GACAG (2) 

The polarity of the RNA-catalyzed nu- 
cleotidyl insertion in the 3' to 5' direction 
was confirmed by experiments with the lariat 
intron (ribozyme) and two exogenous sub- 
strate RNAs (Fig. 3, A and B). An unla- 
beled 19-mer (Nl,GACAGA) that termi- 
nated in the IBSl sequence was co-assayed 
with a 32P-labeled ligated exon RNA (36- 
mer; NZ9GACAGA: *pCp) that was pro- 
vided with both IBS sequences (IBS1 and 
IBS2) of the natural 5' exon. The authentic 

A deletion 

5'- ACAG 3' 3' 

G A C A G  r o ~  

3' 3' 

S ' G A C A G  AXOH dissociation ~ ' ~ ~ ( ~ A C A G ~ A ~ ~ ' O H  
5 ' D G A C A G  3'0 

association 5'.iAcAGA3'0~ 5 ' D G A C A G  3 . o ~  '-GACAGm43'w 

5 ' G  ACAG Am 3' 5 ' G  ACAGmAp A, 3' sL- IGACAG@A, .  3' 

Fig. 1. Schematic representation of intermolecular transesterifications RNA recombination. In a two-step transesterification pathway that in- 
catalyzed by group I I  lariat RNA. Base pairing interactions of the IBSI volves lariat IVS charging (1) and discharging (2), the 3' portion of a donor 
sequences (5'-GACAGA) with intronic EBSl sequences (5'-UCUGUC) RNA becomes transferred to the 3' end of an acceptor molecule (20). (B) 
are indicated. Filled and open circles mark phosphodiester bonds in- Predicted models for catalyzed adenosine insertion (left) and deletion 
volved in canonical and (-1) charging reactions, respectively. (A) (right) by two successive transesterifications. 
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3' exon was substituted with a *pCp mono- 
nucleotide that was labeled with 32P specif- 
ically at the phosphorus atom that forms the 
ligation junction (20). The input 32P radio- 
activity (36-mer) was progressively convert- 
ed to oligoribonucleotidylic acids with an 
electrophoretic mobility of a 20-mer (N13- 
GACAGpA,:*pCp) up to a 23-mer (N13- 
GACAGpA,:pA3pA2- pA,*pCp) (Fig. 3A). 
The *pCp residue originating from the 3' 
end of the starting material (36-mer) formed 
the 3' terminal nucleotide of reaction prod- 
ucts (26). When the elongated products 
were treated with ribonuclease U2, the 32P 
radioactivity was totally converted to A*p. 
The 32P-labeled phosphodiester bonds were 
formed between A-*pCp and consisted of 
normal 3'-5' phosphodiester linkages. 

Fig. 2. Disproportionation of 5' end-labeled 
*pN,,GACAGpN RNAs (19-mer) in the presence 
of the bll lariat intron. Time (in minutes) is shown 
beneath each gel; numbers and squares at the 
side of gels indicate the respective length of 
fragments. (A) The *pN,,GACAGpA substrates 
(labeled on their 5' ends w~th 32P) were incubated 
with lariat IVS as described (29). (B) Intron-cata- 
lyzed disproportionation of *pN,,GACAGpU, 
*pN,,GACAGpG, and *pN,,GACAGpC sub- 
strate RNAs, respectively. 

Flg. 3. Polarity of RNA A 6 
polymerizatlon In a 3' l6 

to 5' direction. (A) The -30 
ligated exon substrate. 
a 3' end-labeled 36-mer -8 
(N,~GACAGPA,:*~CP; =t.S li ic , 
5 pM), was co-incubat- - - - I 
ed with nonlabeled 19- 0 ?" "'1?'1 '6" 

A = -  
mer molecules (N13GA- ad -- 
CAGpA; 50 pM) in the presence of lariat 1 9 ~  

IVS (0.5 pM) for different times (at bottom "-I a- 
of gel, in minutes) as described (29). ' -A 
Reaction products end-labeled with 32P 
[20-mer (N,,GACAGpA,:*pCp) up to a 23-mer 
(N,,GACAGpA4:p4p4pA,*pCp)] are indicated. (B) 
Dideoxy sequencing of reaction products generated 

A more direct confirmation of the pre- 
dicted polarity was then performed. A 19- 
mer, labeled at its 5' end with 32P and 
terminating in the GACAGpA IBSl se- 
quence, was co-incubated in the presence 
of bIl lariat IVS with an unlabeled substrate 
that comprised an internal IBSl sequence 
followed by a run of eight uridine residues 
(27-mer; N,,GACAGpA:pUUUUUUUU). 
The input 32P radioactivity, originating 
from the 19-mer (*pN13GACAGpAl), was 
transferred to oligoribonucleotidylic acids 
with an electrophoretic mobility of an 18- 
mer (*pN,,GACAG) up to a 25-mer 
(*~N13GACAGPA,:PA,PA,~A4~A,PA,- 
PA,). In addition, labeled reaction 
products elongated by the series of the U, 
pseudo 3' exon were obtained (Fig. 3B). 
The predicted identity of these products 
that corresponded in size to a 26-mer (*pN13- 
GACAG:pUUUUUUUU) up to a 30- 
mer (*pN13GACAGpA4:pA3pA2pAlpUU- 
UUUUUU) was determtned by dideoxy 
sequencing (Fig. 3B). On the basis of 
these data, we suggest that the adenosine 
insertion catalyzed by the group I1 lariat 
IVS proceeds in a 3' to 5' direction. This 
polarity differs from modem protein RNA 
or DNA polymerases and from previously 
reported RNA-catalyzed polymerization 
reactions of the shortened versions of the 
Tetrahymena group I IVS (4, 27). 

Because the lariat IVhatalyzed RNA 
polymerization is conservative in the total 
number of 0-P bonds that are broken and 
rejoined in the system, the reaction is expect- 
ed to be highly reversible. If the 3' terminally 
processed 18-mer RNA (N,,GACAG) re- 
binds to a charged lariat N S  intermediate 
(IVS:pA,*pCp or NS:pA,UUUUUUUU, 
respectively) and attacks the phosphodiester 
linkage that f o m  the 3' splice site, the 
original starting material (N13GACAGpAl: 

by co-incubation in the presence of bll lariat IVS (0.5 
pM) for 360 min of 19-mer RNAs 5' end-labeled with 32P ('pN,,GACAGpA; 5 pM) with unlabeled, 
pseudoligated exon RNAs (27-mer) that consist of an internal IBS1 sequence (N,,GACAGpA: 
pUUUUUUUU; 5 pM). Numbers and squares at the side of gels indicate the respective length 
of fragments. Reaction products labeled with 32P and corresponding in size to a 26-mer 
('pN,,GACAG:pUUUUUUUU) up to a 30-mer ('pN,,GACAGA,:p&p&pA,pUUUUUUUU) were s e  
quenced as described (30). 

*pCp or N,,GACAGpA,:pUUUUUUUU) 
is regenerated. This is essentially the true 
reversion of reaction 1. Furthermore, accurate 
charging of the lariat IVS at the natural 
phosphodiester bond 3' adjacent to the GA- 
CAGA sequence, followed by discharging by 
a processed GACAG product, is expected to 
compete with the extent of the adenylyl 
insertion by reversion of reaction 2 (Fig. lB, 
right). 

We have demonstrated an in vitro nucle- 
otidyl insertion-deletion system catalyzed by 
the group I1 intron; this system could bridge 
the gap between catalytic strategies of RNA 
self-splicing (1 9) and recently proposed 
models of RNA editing in kinetoplastid 
mitochondria (12, 13). In contrast with 
canonical RNA editing in kinetoplastid pro- 
tozoa (6-1 I), the guide sequence (EBS1) in 
the group I1 intron-catalyzed system is com- 
plementary to the 5' portion of the RNA 
fragment rather than to the 3' portion. 
Furthermore, the 5' RNA fragment, instead 
of the nonencoded 3' terminal oligo(U) tail 
(1 4, 15), provides the source of the trans- 
ferred nucleotidyl derivative of the gRNA 
itself (12, 28). The site specificity provided 
by intermolecular base pairing interactions, 
chimeric intermediate formation, and the 
polarity of the insertion-deletion mechanism 
all support the idea that RNA splicing and 
RNA editing are evolutionarily related 
mechanisms (1 2, 13), both accomplished by 
a concerted, two-step transesterification 
mechanism (1 2-1 5). 

It remains to be verified if, in group II- 
catalyzed nucleotidyl insertion-deletion as 
well as in RNA editing, the complement of 
the extension of the guide sequence (EBS1 
and gRNA, respectively) will be synthesized 
by a trial and error process that discriminates 
between nucleotide insertion and deletion. 
The implications of this, especially in view of 
proposed early replicating systems made of 
RNA or an RNA-like derivative (1-3), mer- 
its further investigation. 
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to a 30-mer ('pN,,GACAGpA, p&pbpA,pUU- 
UUUUUU) were gel extracted and tagged by vlrtue 
of thew 3' terminal OH group to the 5' phosphate 
group of the Eco RI site of plasmld BSlbll (22) DNA 
in the presence T4 RNA ligase (20) The 3' OH 
group of the Eco RI site was used to initiate the 
complementary DNA (cDNA) synthesis of the cova- 
lently ligated RNA products. Amplification with the 
polymerase chain reaction was performed with a b l l  
internalol~gonucleotide (5'-GATTAATGTWGCA- 
TGCTAACTTC, nucleotldes 635 to 660 on the plus 
strand of b l l  and biotlnylated on the 5' end) In 
conjunction with an ol~gonucleot~de partially comple- 
mentary to the 5' part of the cDNA sequence (5'- 
M T C T G G T M C G G W C M G W G A C )  Dl- 
rect solid-phase sequencing was performed as de- 
scribed r. Hultman, S. Staahl, E. Hornes, M. Uhlen, 
Nuclelc Aclds Res. 17, 4937 (1 989)] 
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Inhibition of an in Vivo Antigen-Specific IgE 
Response by Antibodies to CD23 

Leopoldo Flores-Romo, John Shields, Yves Humbert, 
Pierre Graber, Jean-Pierre Aubry, Jean-Frangois Gauchat, 

Guidon Ayala, Bernard Allet, Marcela Chavez, Herve Bazin, 
Monique Capron, Jean-Yves Bonnefoy* 

immunoglobulin E (IgE) mediates many allergic responses. CD23 is a 45-kilodalton type 
II transmembrane glycoprotein expressed in many cell types. It is a low-affinity IgE receptor 
and interacts specifically with CD21, thereby modulating IgE production by B lymphocytes 
in vitro. In an in vivo model of an allergen-specific IgE response, administration of a rabbit 
polyclonal antibody to recombinant human truncated CD23 resulted in up to 90 percent 
inhibition of ovalbumin-specific IgE synthesis. Both Fabs and intact IgG inhibited IgE 
production in vitro and in vivo. Thus, CD23 participates in the regulation of IgE synthesis 
in vivo and so could be important in allergic disease. 

I n  vitro studies with some antibodies to 
CD23 ( 1 .  2) or soluble CD23 fraements (3) ~. , - ~, 

have implicated this molecule in the regu- 
lation of IgE synthesis. To investigate the 

L Flores-Romo, J Shlelds, Y Humbert, P Graber, 
J -P Aubly, J -F Gauchat G Ayala B Allet, J -Y 
Bonnefoy,-~laxo Institute for ~olkcular  Biology, CP 
674, CH-1228 Geneva, Switzerland. 
M. Chavez and H B u n .  Ex~erimental lmmunoloav 

importance of CD23 in the production of 
IgE in vivo [CD23 is a low-affinity receptor 
for IgE (4)], we used a rabbit polyclonal 
antibody (Rb55) that was raised to a trun- 
cated form of the human CD23 molecule. 
The immunogen, a 25-kD form of CD23, 
corresponded to amino acids 150 to 32 1 of 
full-length CD23 (5) and was produced in 
Escherichia coli. It was ~urified from a 

Unit, University of ~ouvain,' Faculty of ~ e d i c l g ,  washed of E. coli by ion-exchange 
8-1200 Brussels, Belgium 
M. Capron, Centre d'lmmunologie et de Biologie Par- and gel 'ltration chromatography and has 
asltalre, INSERM U167-CNRS 624, Rue du Professeur the expected NH2-terminal sequence (6). 
Calmette, 59019 Lllle, France. This 25-kD CD23 antigen was injected into 
'To whom correspondence should be addressed. a rabbit, and the resulting antiserum 
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Fig. 1. The blndlng of E 
Rb55 to a 45-kD mol- 1 2 3 4  
ecule expressed on 97- 
CD23-pos~t~ve but not 
on CD23-neqatlve 66- * s 

cells. Flow cytometric 
analysis of (A) COS 42> ern 
cells transfected with 
full-length human 
CD23 (5) ,  (B) COS 31- 

cells mock-transfect- 21- 
ed, (C) CD23-positive 
lymphoblastoid RPMI 8866 cell line, and (D) 
CD23-negative Burkitt lymphoma Daudi cell 
line. Cells were stained with affinity-purified 
Rb55 (7) or normal rabbit IgG (NRIgG) (both at 
10 ~glml) and fluorescein isothiocyanate 
(FITC)-conjugated goat antibodies to rabbit 
IgG (1 cLg/ml) (Silenus, Victoria, Australia). Cells 
(5000) were analyzed on a FACScan (Becton 
Dickinson, Erembodeggem, Belgium). (E) Pro- 
tein immunoblot analysis of CD23-positive and 
-negative cells. Cell lysates were subjected to 
SDS-PAGE. We transferred the separated pro- 
teins to a nitrocellulose filter and blotted them 
with Rb55 and horseradish peroxidase (HRP)- 
labeled goat antibodies to rabbit IgG (Sigma, 
St LOUIS, Missouri). The mass standards are 
indicated at the left in kilodaltons. Lane 1 ,  
mock-transfected COS cells; lane 2, Daudi 
cells; lane 3, CD23-transfected COS cells, and 
lane 4, RPMI 8866 cells. 

(Rb55) (7) tested positive in both an en- 
zyme-linked immunosorbent assay (ELISA) 
and protein immunoblot with purified re- 
combinant human CD23. An IgG fraction, 
isolated by protein A-Sepharose affinity 
chromatography, recognized recombinant 
CD23 expressed on COS cells transfected 
with cDNA encoding the full-length mole- 
cule as well as native CD23, as expressed on 
the Epstein-Barr virus (EBV)-transformed 
lymphoblastoid cell line RPMI 8866. Both 
CD23s were 45 kD (Fig. 1). Affinity-purified 
Rb55 IgG molecules and Fabs of Rb55 (7) 
were found to inhibit interleukin-4 (IL-4)- 
induced IgE production by human mononu- 
clear cells in vitro in an isotype-specific 
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